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ABSTRACT 
The effects of MgO and FeO as solid solution additives (added 
singly and jointly) on the final stage sintering of ultra high 
purity alumina (99.995%) have been studied. Addition of 250 ppm 
FeO was found to increase the densification rate (directly) by a 
factor of 3, increase the grain growth rate (directly-during 
sintering) by a factor of 5 and increase the grain boundary 
mobility slightly in fully dense samples. FeO alone, therefore, 
was not effective as a sintering additive. Addition of 250ppm MgO 
inhibited grain growth by a solute drag mechanism so severely that 
the pores no longer controlled grain growth. This provided the 
system with an exceptional capacity to resist abnormal grain 
growth. The reduction in grain growth rate due to MgO doping was 
found to be indirectly responsible for increasing the 
densification rate. The effect of MgO was reinforced by codoping 
with FeO. FeO increased the densification rate of MgO-doped 
alumina without adversely affecting the grain boundary mobility. 
Multiple additive doping using ultra pure starting powders, 
therefore, was shown to be a most promising approach for the 
sintering of ceramics. 
6 
1.1 INTRODUCTION 
I 
It has been reported that MgO doping inhibits grain growth in 
fully dense alumina to an extent that depends on the purity of the 
starting powder (1,2). A critical factor is whether the powders 
can be made (and maintained) sufficiently pure enough to prevent 
the formation bf a liquid phase at the firing temperature (2). 
MgO was observed to be ten times more effective as a grain growth 
inhibitor in fully dense ultra pure aluminas (99.995% Al2o3) found 
not to contain a liquid phase (2). The implication from this is 
that MgO will be more effective as a sintering aid when used in 
conjunction with ultra high purity powders. Accordingly, one 
objective of the presept work was to explore the benefits of using 
ultra high purity powders (and hence clean room handling 
procedures), in conjunction with MgO doping, to sinter alumina. A 
second objective was to investigate the approach of using multiple 
solid solution additives in sintering (3,4). FeO was chosen as a 
simultaneous dopant to study in conjunction with MgO because FeO 
has been reported to greatly enhance (by a factor of 100) rate 
processes in alumina (such as initial stage sintering (5) and 
steady state creep (6)). The idea was to test whether codoping 
with MgO and FeO could combine the str0ng effect of MgO on grain 
boundary mobility (a SO fold decreas(~ (2)) with the strong 
influence of FeO on densification diffusional processes. The 
approach has been to clarify the functions of the single dopant 
7 
...... 
... 
additions first and then to examine their combined influence on 
sinter1ng. The emphasis is on the final stages of sintering for 
which the models are more well developed. 
,\ 
' . ' .
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1.2 EXPERIMENTAL PROCEDURE 
Samples were prepared from ultra-high purity (99.995%) alpha 
alumina powder.* The mean particle size was 0.45 µm and 97% of 
the particles were less than 1 µm. Magnesium doping (Mg/Al= 250 
~ 10-6) and/or iron doping (Fe/Al= 250 = 10- 6 ) was achieved by 
the addition of aliquots of a high purity Mg(N03)z solution and/or 
a high purity Fe(N0)3 solution in distilled water to a batch of 
the alumina powder. The slurry was mixed thoroughly and dried~in 
a microwave oven to ensure homogeneity of doping additives. All 
processing was accomplished using precleaned teflon lab ware and 
•. 
conducted in a contamination clean room environment.** Undoped 
powders received the same processing treatment. For the sintering 
study, the powders were cold-pressed into pellets to approximately 
the same green density (47 + 0.}%) using a high-purity alumina 
punch and die set. The pellets, rather than powder, were then 
calcined at 1000°C in oxygen for 48 hr. in order to avoid the 
formation of hard agglomerates during powder calcination. This 
procedure also aided in the removal of carbon from the powder 
surface (7). 
Sintering was conducted under flowing nitrogen gas in a 
furnace heated with graphite elements. The specimens were 
* AKP-HP Powder, Sumitomo Chemical Company Limited, Osaka, Japan 
** Class 100 Glove Box, Labconco Corporation, USA. 
9 
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heated at a constant rate of up to the sintering temperature of 
1620°C. Zero sintering time corresponds to when the temperature 
reached equiltbrium. Each pellet was embedded in a powder of 
~ identical composition in a high purity boat to minimize dopant 
volatilization and potential contamination from the furnace 
atmosphere. Also, different boats were used for each composition. 
The gray color of the FeO doped and codoped samples after 
sintering symbolized the reduction of Fe3+ ions to Fe2+. Sintered 
densities were measured to 0.01 Mg.m- 3 using the Archimedes method 
with water as the immersion medium. Grain boundaries were 
revealed by thermally etching polished sections at 1450°C for 20 
min. to 3 hr., depending on whether or not the samples were doped 
or undoped (the longer times were used for undoped samples). A 
oispersion of polystyrene calibration spheres was applied to all 
polished sections before the polished sections were examined by 
optical and scanning electron microscopy (SEM) to ensure precise 
and accurate measurement. Average grain sizes, G, were determined 
using the linear intercept technique (8). The value of G is 
related to the average intercept length, L, by G = 1.51. 
Approximately 500 intercepts were counted for each sample. 
To study the effects of the dopants on the grain boundary 
mobility, fully dense disks were prepared by vacuum hot-pressing 
in gr3phite dies (lines with BN) at 50 MPa and 1500°C. The hot 
pressing times were 90 min. for the undoped alumina, 60 min. for 
the MgO or FeO doped alumina, and 50 min. for the codoped alumina. 
( 
10 
I 
Powders were calcined at 10'ao 0 c, for 48 hr. in oxygen prl.or to hot 
• pressing. 
Hot pressed disks were sliced into segments for grain-growth 
experiments. ' Each segment was embedded in a powder of identical 
composition in a high-purity alumina boat. The annealing 
conditions were identical to those used in the sintering study. 
Grain structures were revealed and examined in the same way as 
mentioned above. 
11 
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1.3 RESULTS AND DISCUSSION 
(1) Effect of Additives on Densific~tion 
Densification curves for alumina at 1620°C doped singly and 
jointly with MgO and FeO (250ppm of each) are shown in figures 1 
and 2. Separate samples were used to obtain the individual data 
points. FeO doping, MgO doping and codoping enhanced 
densification to varying degrees. Codoping had the strongest 
effect, MgO was slightly less effective than codoping and FeO had 
the weakest effect. For a constant temperature and initial 
microstructure the densification rate dp/dt often follows a law of 
the type (9,10): 
dp 
(1) 
dt 
Here pis the density, Dis the diffusion coefficient, Y5 is the 
solid/gas surface energy, G is the grain size and C is a constant. 
The grain size exponent, n, is predicted to be 3 for 
lattice-diffusion-controlled densification and 4 for grain 
boundary-diffusion-controlled densification. The experimental fit 
of the data to equation 1 is shown in figure 3 which shows log(1__£) 
dt 
plotted against log G for each host:additive combination. The 
data points on the figure were derived from the fitted curves 
(using a least squares log polynomial fit) of the density versus 
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time and grain size versus time data. 
The grain size exponents determined from the slopes in figure 
3 were -3.47 for undoped alumina, -3.88 for FeO-doped alumina, 
-3.93 for MgO-doped alumina and -4.06 for the codoped material. 
The slopes deviated (increased) slightly from these values in the 
MgO-doped and codoped samples approaching very high densities 
(>98%). The same effect was observed by Berry and Harmer in a 
less pure alumina (10). While the cause is still uncertain a 
, 
plausible explanation is that the microstructure begins to deviate 
from the simple model assumptions more strongly when approaching 
very high densities. The larger interagglomerate pores take on 
greater prominance in the later stages. Also the number of pores 
per grain is likely to decrease and the pore size distribution is 
likely to widen as densification progresses, especially if the 
system was inhomogeneous to start with. This can have a 
significant effect on sintering kinetics (11,12). 
~ 
The microstructures in this study conformed reasonably well 
to those of a classical final stage geometry over the density 
range 92%-98% (see figure 4). We believe, therefore, that it is 
both reasonable and helpful to exploit the final stage sintering 
models within this restricted density range. 
The grain size exponents suggested that grain boundary 
diffusion was the dominant densification mechanism in all but the 
undoped alumina for which mixed behavior (lattice and boundary 
diffusion) was indicated. Comparing rates at constant grain size, 
16 
Figure 4. Microstructure of a 93.6% dense undoped alumina. 
17 
Figure 5. SEM of an alumina ceramic doped with 1% Fe sintered at 
1620°C for 3 hr. The second phase precipitates were 
identified as iron aluminate spinel. 
18 
FeO doping was found to increase the densification rate directly 
~ 
by a factor of 3 whereas MgO doping and codoping decreased the 
densification rate directly by factors of 4 and 2.5 respectively. 
(The direct effect of the additive on densification is not to be 
confused with its overall effect which must also take into account 
the indirect effect of the additive on grain growth since 
densification also depends on the grain size (eq. 1).) 
The factor of 3 increase in densification rate due to FeO 
~ 
doping is much less than the factor of 100 or so reported in 
previous creep (6) and initial stage sintering studies (5) on 
FeO-doped alumina. This disparity may be due to the different 
doping levels employed. High dopant levels, > 1 atom% Fe, were 
11sed in the creep and initial stage sintering work and we have 
confirmed that this is well above the solubility limit for FeO in 
Al203 at 1600°C. We estimate the solubility limit to be only a 
few hundred ppm at 1620°C in nitrogen. Figure 5 shows the 
microstructure of a sample containing 1% FeO sintered for 3 hr. at 
1600°C in nitrogen. The microstructure contains a large volume 
fraction of iron aluminate spinel as a second phase. A second 
phase could greatly assist in sintering and creep by pinning grain 
boundaries and by accommodating grain boundary sliding at triple 
points for example. The fact that our samples were single phase, 
therefore, could explain why we did not observe the large increase 
in densification rate (lOOx) that we expected on the basis of the 
earlier creep and initial stage sintering studies. 
19 
It is hard to explain why MgO and FeO had opposite effects on 
densification. Simple defect chemistry arguments are hard to 
sustain since one would expect MgO and FeO to behave similarly due 
to their like charges~ Some differences can be expected, however, 
on the basis of their different ionic radii and hence in their 
segregation behavior. One would expect Fe~+ to segregate more 
strongly in alumina than Mg2+ due to its larger ionic size. This 
would place more FeO than MgO in the region that contributes most 
to densification, i.e. the grain boundary region. FeO and MgO are 
both acceptor dopants. If the undoped alumina has a slight excess 
of donor impurities then small acceptor additions will compensate 
for the donors. As a result the densification rate will decrease 
due to the corresponding decrease in the concentration of point 
defects compensating for the donors (aluminum vacancies for 
example (13)). This provides one explanation for why MgO was 
observed to decrease the densification rate. (MgO has been 
reported to both increase (14,15,16,10) and decrease (17,18) rate 
processes in alumina. The difference in behavior may depend on 
whether the starting powder is donor excess or acceptor excess). 
At higher levels of acceptor doping the material becomes acceptor 
excess and the densification rate is expected to rise again due to 
the increasing concentration of point defects created by the 
acceptor (aluminum interstitials for example (13)). This could 
explain, therefore, why FeO, due to its higher effective 
concentration in the grain boundary region, was observed t~ 
20 
increase the densification rate. Another factor to consider is 
the effect of the additives on Ys· However, changes in the 
surface energy are usually small in magnitude in comparison to the 
changes in the diffusion coefficients and it is considered 
unlikely that 1opants would increase Ys by as much as a factor of 
4. 
(2) Effect of Additives on Grain Growth 
FeO doping enhanced grain growth while MgO doping and 
codoping retarded grain growth during sintering in nitrogen at 
1620°C (figures 6 and 7). Previous studies on undoped and 
MgO-doped alumina showed that the following exp~ession for grain 
growth controlled by surface-diffusion-controlled pore drag gave 
the best fit to the data (10): 
dG 
dt 
(2) 
Here G is the grain size, Dsis the surface diffusion 
coefficient, and C is a constant. The present data for undoped 
and FeO-doped alumina gave an excellent fit to this model as shown 
in figure 8. The data have been plotted in the form of dG/dt 
versus A change in slope on this plot indicates a 
change in the surface diffusion coefficient. FeO was found to 
21 
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25 
increase the slope and hence the surface diffusion coefficient of 
alumina by a factor of 5. The data for MgO-doped and codoped 
alumina, however, did not come close to fitting any of the 
pore-drag models. Instead they seemed to obey a simple cubic 
kinetic law of the type: 
G3 - G 3 - .kT 
0 
(3) 
Here G is the grain size after time t, G0 is the initial grain 
size and K is a temperature-dependent growth rate constant. The 
data are plotted according to this law in figure 9. The growth 
rate constants were determined to be 1.Sxlo-20 m3.s-1 and 
2.4xlo-20 m3.s-1 for the MgO-doped and codoped samples 
respectively. To evaluate the significance of these measurements 
we have also measured the grain growth kinetics in fully dense 
samples of the same composition. The results are plotted in the 
form of the grain size versus time in figure 10. The undoped, 
MgO-doped and codoped samples obeyed a simple cubic grain growth 
law. The rate constants are summarized in table 1 along with the 
previously determined K values for the sintered samples for 
~ 
comparison. Several conclusions can be drawn from this data. 
MgO-doping decreased the grain boundary (Mb) in fully dense 
samples by a large amount (a factor of 30), but slightly less than 
the factor of 50 decrease in Mb reported previously (2). For the 
MgO-doped and the codoped compositions the rate constants for the 
26 
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Table 1 
Comparison of Experimental Rate Constants 
During sintering 
Fully dense 
(hot pressed) 
Undoped 
1.2xlo-18 
MgO-Doped FeO-Doped 
(Mg/Al-250x10-6) 
1.Sxlo-20 
3.98xlo-20 
I 
' 
28 
.., 
Codoped 
2.4xlo-20 
3.36xlo-20 
sintered and fully dense samples were similar. This reflects the 
l~ck of influence of the pores on grain growth during the 
sintering of the MgO-doped and codoped samples. Grain growth in 
these materials, therefore, was controlled predominantly by the 
dragging influence of the solute at the pore free sections of the 
boundaries i.e. by the boundary mobility. (Note however that the 
K values were slightly lower in the sintered samples suggesting 
that the pores still exerted a minor influence on grain growth. 
The extent of this difference was less noticeable with codoping 
however which might reflect an enhanced surface diffusion rate 
(and hence a higher pore mobility) due to FeO doping.) 
It is interesting to note that FeO alone did not decrease Mb. 
The data in figure 10 suggests that FeO actually increased Mb 
although this was difficult to quantify because the data did not 
fit any simple kinetic law. The theory most often used to explain 
the effect of a solute on grain boundary motion is the Cahn solute 
drag model which is based on solute segregation to or away from 
the grain boundaries (18). FeO has been predicted to segregate to 
the grain boundaries in alumina (19). Fe2+ is larger than Mg 2+ 
and, therefore, one would expect Fe2+ to be the stronger segregant 
and therefore, the more effective grain growth inhibitor. This 
simple solute segregation argument is, therefore, clearly 
inadequate. Other well studied additives in alumina are NiO (20), 
CaO (21), Y203 (21) and Cr203 (6,22). 
appear to inhibit grain growth in alumina (even though CaO and 
29 
Y2o3 are strong segregants) whereas NiO has been reported to 
behave similarly to MgO (20). The experimentally observed trend 
is that the most effective grain growth inhibitors in alumina are 
.. 
aliovalent ions with an ionic size as close to that of A13+ as 
possible. Further systematic work is clearly needed in order to 
fully understand the atomic mechanisms of grain growth inhibition 
in alumina. Many additional factors have to be considered 
including defect chemistry (2,4), grain boundary energy and 
aw.isotropy effects (23). 
In summary, therefore, FeO was found to increase the rate of 
normal grain growth during sintering; grain growth was controlled 
by surface-diffusion-controlled pore drag. MgO and Mgo+FeO 
decreased the rate of normal grain growth during sintering; grain 
growth was controlled by solute drag. FeO did not greatly affect 
the grain boundary mobility in fully dense undoped and MgO-doped 
alumina. 
(3) Effect of Additives on Microstructure Development 
All microstructures were observed to be uniform with no 
abn·ormal grains found in any of the samples. Pore-boundary 
separation was observed in the undoped and FeO-doped samples after 
about 3 hours of sintering at 1620°C (figures 11 and 12). No 
pore-breakaway was observed in the MgO-doped and codoped samples. 
A peculiar form of contrast was observed on the surface of the 
30 
Figure 11. Microstructure of undoped Al203 sintered for 3 hr. at 
1620°C showing signs of pore-boundary separation. 
31 
Figure 12. Microstructure of FeO-doped Al203 sintered for 3 hr. 
at 1620°C showing signs of pore-boundary separation. 
32 
Figure 13. Microstructure of 250 ppm FeO + 250 ppm MgO-doped 
Al203 showing unusual puckered grain boundary 
structure. 
33 
Figure 14. TEM image of 250 ppm FeO + 250 ppm MgO-doped Al203 
showing a clean grain boundary structure. 
34 
( 
codoped samples after thermal etching (figure 13). The boundaries 
appeared heavily puckered and thickened for reasons not presently 
clear. TEM studies revealed that the grain boundaries in the 
interior of the specimens were clean and quite normal (figure 14)~ 
confirming that the unusual grain boundary structure was some kind 
of surface artifact induced by thermal etching (in air). 
Experimentally determined grain size-density trajectories as 
a function of additive are shown in figure 15. For a constant 
temperature and initial microstructure the grain size-density 
trajectory is a function of the relative densificati~n rate:grain 
growth rate r~tio (24,25). FeO doping increased the 
densification rate by a factor of 3 and the grain growth rate by a 
factor of 5. Thus, FeO enhanced grain growth relative to 
densification thereby decreasing the ratio. The effect of FeO 
was, therefore, to steepen the trajectory on the G-p plot. The 
effect of FeO was also simulated in the form of a microstructure 
development map (24). The values used in the simulation are given 
in table 2. The results of the simulation are shown in figure 16. 
The microstructure map is consistent with the experimental 
observations predicting both a steepened G-p traje"Ctory and the 
occurrance of pore-boundary separation in the FeO-doped sample. 
MgO and MgO+FeO behaved similarly and decreased the grain 
growth rate substantially during sintering by a solute drag 
mechanism. Indirectly this caused the overall densification rate 
to be increased (figure 2) even though the additives acted to 
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Figure 15. Grain size/density trajectories for undoped, 
FeO-doped, MgO-doped and codoped Alz03 sintered in N2 
at 1620°C. 
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Figure 16. Computer siwulation of microstructure in undoped and 
Fe-0 doped. 
Table 2 
Data Used in the Construction of a Microstructure 
Developme~t Map for Undoped Alz03. 
DL - 9.8 X 10-16 m2 s--1 
Ds - 10-10 m2 s-1 
cs - 3 X 10-10 m 
y 0.9 J -2 - m s 
Yb 0.45 J -2 - m 
- 2.11 X 10-29 m3 -
DL - lattice diffusion coefficient 
Ds - surface diffusion coefficient 
o - surface diffusion width s 
Ys - surface boundary energy -
Yb - grain boundary energy -
- atom volume -
Mb= grain boundary mobility 
K = Boltzmann constant 
T = absolute temperature 
-
Mb - 2 X 10-14 m3 
k - 1.38 X 10-23 
T - 1873 K -
-
G/Gmax - 0. 5· 
e: - 5/4 
N - 12 
• N-1 
J K-1 
G/Gmax = ratio of average grain size over maximum grain size 
E = grain gro\lrth rate factor 
N = number of pores surrounding each grain 
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• s-1 
decrease the densification rate directly. In other words,. at any 
giyen time the smaller grain size in the doped samples (the 
indirect effect of the additives on densification) overcompensated 
for the lower grain boundary diffusion coefficient (the direct 
effect of the additives on densification). The net effect was 
that densification was enhanced relative to grain growth thus 
causing the G-p trajectories to be flattened significantly. This, 
together with the fact that the pores no longer controlled grain 
growth, explains why pore separation was avoided in these samples. 
A figure of merit which provides a measure of the resistance 
to pore-boundary separation is (10): 
1 Ds 
( ) > constant (4) 
p 
MgO doping and codoping raise this figure of merit considerably by 
decreasing Mb (the dominant effect) and increasing (l/G2 ) p 
simultaneously. 
A final point concerns the practical merits of using ultra 
high purity powder processing. We have shown that dopants such as 
MgO act more potently in very pure powders and that, by using 
additives in combination with highly pure powders, it is possible 
to override the effect of pores on grain growth. This creates an 
enormous advantage over conventional powder processing in two 
important respects. The first concerns the prevention of abnormal 
grain growth. The most common cause of abnormal grain growth is 
inhomogeneous densification (26,27). However, if grain growth can 
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Table 2 
Data Used in the Construction of a Microstructure 
Development Map for Undoped Alz03. 
DL - 9.8 X 10-16 m2 s-1 
Ds - 10-10 m2 s-1 -
os - 3 X 10-10 m 
y 
- 0.9 J m-2 s 
Yb - 0.45 J m -2 
n - 2.11 X 10-29 m3 -
DL - lattice diffusion coefficient 
Ds - surface diffusion coefficient -
os - surface diffusion width 
Ys - surface boundary energy 
Yb - grain boundary energy 
n - atom volume -
Mb= grain boundary mobility 
K = Boltzmann constant 
T = absolute temperature 
-
Mb - 2 X 10-14 m3 • N-1 • 
k - 1.38 X 10-23 J K-1 
T - 1873 K -
G/Gmax - 0.5 -
£ - 5/4 
N = 12 
G/Gmax = ratio of average grain size over maximum grain size 
£ = grain growth rate factor 
N = number of pores surrounding each grain 
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decrease the densification rate directly. In other words, at any 
given time the smaller grain size in the doped samples (the 
indirect effect of the additives on densification) overcompensated 
for the lower grain boundary diffusion coefficient (the direct 
effect of the additives on densification). The net effect was 
that densification was enhanced relative to grain growth thus 
causing the G-p trajectories to be flattened significantly. This, 
together with the fact that the pores no longer controlled grain 
growth, explains why pore separation was avoided in these samples. 
A figure of merit which provides a mea~ure of the resistance 
to pore-boundary separation is (10): 
1 D5 ( ) > constant (4) 
p 
MgO doping and codoping raise this figure of merit considerably by 
decreasing Mb (the dominant effect) and increasing (l/G2 ) p 
simultaneously. 
A final point concerns the practical merits of using ultra 
high purity powder processing. We have shown that dopants such as 
MgO act more potently in very pure powders and that, by using 
additives in combination with highly pure powders, it is possible 
to override the effect of pores on grain growth. This creates an 
enormous advantage over conventional powder processing in two 
important respects. The first concerns the prevention of abnormal 
grain growth. The most common cause of abnormal grain growth is 
inhomogeneous densification (26,27). However, if grain growth can 
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be made insensitive to the presence of the pores
, as demonstrated 
here, then the uniformity of the grain growth p
rocess will not be 
governed by the uniformity of the pore distribut
ion. In other 
words, the system can be inununized to a large d
egree against non 
uniform grain growth. The second aspect follows
 directly from 
this and concerns the use of multiple dopants. 
Let us suppose 
that one additive serves primarily to prevent th
e pores 
influencing grain growth. One can then dope m
ultiply with more 
additives even if those additives act unfavorab
ly on pore mobility 
since the pores no longer control grain growth.
 One simply 
selects additives that have a direcL and positLv
e influence on 
densification. This explains why, for example, 
while FeO was not 
by itself helpful to the sintering of alumina (because of 
its 
detrimental effect on pore mobility) it did aid the sinteri
ng of 
MgO-doped alumina (figure 2), where its negative influence
 on pore 
mobility was not felt (because the pores no longer control
led 
grain growth) but where its positive influence on grain bo
undary 
diffusion was reinforcing. 
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1.4 CONCLUSIONS 
(1) The use of ultra high purity powder processing and multiple 
solid solution additives. is effective for the fabrication of 
alumina ceramics. 
(2) MgO tends to inhibit grain growth more strongly in very pure 
powders. It can diminish the dragging influence of pores on grain 
boundary motion and therefore provide resistance against abnormal 
grain growth due to inhomogeneous densification. 
(3) FeO acts singly to promote grain growth more than 
densification in alumina and, therefore, FeO is not a favorable 
additive. FeO does enhance the sintering of MgO-doped alumina 
however. 
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CHAPTER 2 
EFFECT OF PORES ON MICROSTRUCTURE DEVELOPMENT 
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LIST OF FIGURES 
Figure 1. Pore types in an alumina ceramic. 
(a) matrix pores (courtesy S. J. 
Bennison, (b) large interagglomerate pore. 
Figure 2. Theoretical curves for alumina 
(1600°C) showing the effect of N, the 
number of pores per grain on (a) 
densification and (b) grain growth. 
Figure 3. Theoretical grain size-density 
trajectories for alumina at 1600°C 
showing the effect of N, the number 
of pores per grain. 
Figure 4. Theoretical grain size-density 
trajectories for alumina at 1600°C 
showing the effect of the geometric 
standard deviation, log og, of the 
pore size distribution. 
Figure 5. SEM picture of LiF showing the 
(a) front wall and (b) back wall of 
a pore on a boundary. Note the 
bulge on the front wall of the pore 
(courtesy Z. Y. Wang). 
Figure 6. Strongly facetted pore shapes in 
(a) LiF and (b) Al203. (MgO reduces 
the surface energy anisotropy in 
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Alz03.) (courtesy Z. Y. Wang) 
Figure 7. Microstructure map for alumina. 
The diffusion coefficient pairs 
(Ddens:Dcoars) indicate the respective 
densification:coarsening mechanisms 
(courtesy M. P. Harmer). 
Figure 8. Theoretical curves for alumina 
showing the effect of temperature on the 
time taken to remove large pores as 
a function of pore size. 
Figure 9. Theoretical curves for alumina 
seeded with 4% of 4 micron pores 
showing the effect of the adjustment 
to the grain growth on the final 
density. The effect of raising the 
lattice diffusion coefficient, D1 , 
by a factor of ten is also shown. 
Figure 10. Ceramic processing maps calculated 
for Al203 showing the optimum processing 
conditions and methods required to 
meet specifications indicated in the 
upper right hand corner of the diagrams. 
Pf, Gf, and Pf are specifications for 
the maximwn final pore size, grain 
size and density, respectively. 
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ABSTRACT 
The progress that has been made over the last decade in 
the understanding and control of microstructure development in 
porous ceramic systems has been briefly reviewed. Significant 
advances have been made through the development and use of 
simultaneous models of densification and grain growth. 
Microstructural maps have emerged as an effective means for 
displaying the effects of pore distribution and additives on 
microstructure development. The optimum conditions for 
densifying systems containing a mixture of small and large 
pores have been analyzed and this has lead to the development 
of a new type of ceramic processing map. 
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2.1 INTRODUCTION 
The understanding of microstructure development in porous 
ceramic systems has advanced considerably over the last 
decade. This progress has been aided in large part by a much 
better appreciation of the complex interrelationship that 
exists between densification and grain growth during sintering 
(1,2,3). It is now quite possible to predict for example, 
with the aid of simultaneous models of densification and grain 
growth, the effects of pore distribution and pore mobility.(as 
affected by additives for example) on microstructure 
development during the intermediate and final stages of 
sintering. These effects will be described in more detail in 
the first part of this paper which treats the effect of matrix 
pores (figure la.) on microstructure development. 
In recent years there has also developed a greater 
appreciation for the importance of the grain coordination 
number surrounding a pore (4,5). This has important 
consequences with respect to the thermodynamic stability of a 
pore, especially for the larger interagglomerate pores (figure 
lb.) which may need a change in their coordination number, 
brought about by grain growth, in order to be eliminated. 
This requirement (i.e. for some grain growth) causes a 
conflict because of the strong dependence of sintering 
kinetics on grain size for the matrix pores (which are often ·· 
so 
the majority) which have no thermodynamic barrier for 
shrinkage. This problem has been addressed in the second part 
of this paper which considers the requirements for optimum 
sintering in systems that contain a mixture of small (matrix) 
and large (interagglomerate) pores, i.e. the typical 
circumstance in sintering. From this analysis, a new form of 
ceramic processing map has been developed which indicates, for 
a specified microstructural objective, the optimum processing 
method and conditions for a given initial percentage of large 
pores. 
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2.2 MATRIX PORES 
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In this section we will only consider the effect of matrix G, 
pores on microstructure development. All matrix pores are 
assumed to be coordinated by a small enough number of grains 
so as to be thermodynamically unstable. The simplest 
situation to consider is that of a final stage geometry 
comprising of monosized spherical pores located at the four 
grain corners of tetrakaidekahedron grains. In order to 
understand the microstructure development of even this simple 
system, one has to develop an understanding of the complex 
interrelationship that exists between densification and grain 
growth. The problem is that densification depends on the 
extent of grain growth and grain growth (if controlled by pore 
drag) depends on the extent of densification i.e. they are two 
mutually dependent processes. A major advance in the 
understanding and treatment of this problem was achieved when 
Yan et.al. (1,6) developed a simultaneous modelling approach 
to predict microstructure development. In this approach a 
model of si~rultaneous densification and grain growth is used 
to predict grain size-density trajectories, density-time and 
grain size-time behaviour during sintering. We have recently 
used this approach to predict the effects of pore size 
distribution and the number of pores per grain (N) on 
microstructure development (7). The effect of pore number 
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(a) (b) 
Figure 1. Pore types in an alumina ceramic. (a) matrix pores (courtesy S. J. 
Bennison), (b) large interagglomerate pore. 
density, N, on microstructure development will be used in the 
( 
following section as an example of the approach. Firstly, the 
following expression for the effect of Non the instantaneous 
rate of densification was derived: 
dp 
(1) 
dt 
Here N is the number of occupied pore sites per grain (N=24 if 
every grain corner is occupied), D1 is the lattice diffu~ion 
coefficient, Pis the density, G is the grain size, tis the 
tiille, Y~ is the surface-vapor energy, n is the molar volume, R 
is the gas constant and Tis the temperature. 
Secondly, the following expression for the effect of Non 
the instantaneous rate of grain growth was derived assuming a 
mechanism of normal grain growth controlled by 
surface-diffusion-controlled pore drag: 
dG Nl/3 8 Yb Ds cs n 
........ 
~ (1-G/Gmax ) (2) 
dt RT G3 (1-p)4/3 
Here Ds is the surface diffusion coefficient, 6
5 
is the 
surface diffusion width and Yb is the grain boundary energy. 
These two expressions can then be iterated with the aid of 
a computer to determine the density-time and grain size-time 
profiles for a specific system. Results for alumina are shown 
in figure 2. From these results and by inspection of the 
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above expressions it can be seen that increasing the number of 
pores per grain (by better packing for example) enhances the 
rates of both densification and grain growth. However, since 
raising N enhances the densification rate by more than it 
enhances the grain growth rate (dp/dt a N whereas dG/dt a 
Nl/3), and since the important influence on microstructure 
development is determined largely by changes in the relative 
densification rate: grain growth rate ratio, increasing N does 
have an overall beneficial effect on microstructure 
development. This is reflected in the grain size-density 
trajectories which predict a smaller grain size for a given 
density with increasing N (figure 3). The grain size-density 
trajectory can be determined either through the computer 
simulation or numerically by dividing and integrating 
equations 1 and 2; the following numerical solution is 
obtained: 
(1-p)-1/3 - + ( 3) 
The effect of pore size distribution can be analyzed in a 
similar way. In simulations that we have performed for 
alumina, a narrow pore size distribution was not found to 
affect densification directly. However, it was shown to 
inhibit grain growth initially, causing the densification rate 
to be enhanced indirectly. Grain size-density trajectories 
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for wide and narrow pore size distributions are shown in 
figure 4. Occhionero and Halloran (8) have shown by mercury 
porosimetry on alumina compacts that the initial green density 
has a strong influence on the pore distribution that develops 
later in sintering. One can deduce from their data that 
increasing the green density increased the number of pores per 
grain and narrowed the pore size distribution for a given 
density. The modelling approar,h described here could be very 
helpful in explaining these effects as well as other powder 
packing related phenomenon. Mercury porosimetry appears to be 
a useful tool with which to investigate the subject further. 
Pore-boundary interactions have received more attention in 
the last decade. Evans et al.(9,10,11) have analyzed the 
geometry of pore drag and pore breakaway in much greater 
detail. Maps defining the conditions for pore separation from 
moving grain boundaries were developed from this more 
sophisticated analysis, but were not found to differ 
significantly from the earlier diagrams developed by Brook 
(12). Yan et al. (13) have modelled the effects of grain size 
distribution on pore separation showing that a narrow grain 
size distribution decreases the probability of pore 
separation. 
Lemaire and Bowen (14) have studied individual pore 
motion in KCl driven by a temperature gradient. Wang et al. 
(15) have conducted detailed three dimensional studies of 
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pore-boundary interactions in LiF bicrystals. Direct evidence 
for pore drag and the effect of pore size on pore mobility has 
been obtained. Detailed information on pore shape and boundary 
distortion was obtained by scanning electron stereomicroscopy 
of intergranular fracture surfaces, figure 5. Pore shape was 
found to be strongly influenced by the surface energy 
anisotropy of the crystal (figure 6 shows examples of highly 
facetted pores in LiF and Alz03). The central portion of the 
front walls of the pores in LiF were observed to contain a 
pronounced bulge (figure 5), somewhat similar to that 
predicted by Hsueh and Evans (9,11) for 
surface-diffusion-controlled pore drag. Careful analysis of 
the pore shape, therefore, may provide a means for deducing 
the pore migration mechanism. 
Recently a different form of microstructure map has been 
developed (3), figure 7. This map consists of a grain 
size-density diagram modified to mark the conditions under 
which pore-boundary separation will occur. The nice feature 
of this diagram is its ability to show competing effects such 
as, for example, that caused by a raising of the surface 
diffusion coefficient (3). This type of map is a useful way 
to view the effects of sintering additives on microstructure 
development (3,16,17). 
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(a) (b) 
Figure 5. SEM picture of LiF showing (a) front wall and (b) back wall fa pr 
on a boundary. Note th l bulge on the front wall of the pre ( · urt sy 
Z. Y. Wang) • 
(a) (b) 
Figure 6. Strongly fac tted pore shapes in (a) LiF and (b) Al 2o3 . (MgO reduces 
th surface n rgy anisotropy in Al203 .) (Court sy Z. Y. Wang) 
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Figure 7. Microstructure map for alumina. The 
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indicate the respective densification 
coarsening mechanisms (courtesy M. P. Harmer). 
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2.3 LARGE PORES 
Large pores in powder compacts result primarily from 
imperfections in the initial powder packing arrangement, most 
~ 
notably through the effects of particle agglomeration. The 
larger pores are far more difficult to remove than the matrix 
pores, as demonstrated quite strikingly in the paper by Aksay 
in this volume. There are both kinetic and thermodynamic 
reasons why this is so. To demonstrate the importance of 
kinetics we have calculated the time it would take to remove 
large pores from alumina as a function of the pore size for 
temperatures of 1400°C and 1600°C (figure 8). This was done 
assuming that the grain size is maintained at the critical 
grain size at which the pores can shrink according to 
thermodynamics (4,5). It is clear from figure 8 that there 
are significant kinetic limitations for the removal of large 
pores. It is also clear that the trend towards lower firing 
temperatures places a much greater burden on the processing 
engineer to control the large pore population. There is a 
definite advantage in using higher firing temperatures where 
possible due to the inevitable formation of some large pores 
during processing. This is particularly apparent in 
applications where very high density is critical such as in 
the manufacture of lucalox lamp envelopes for example, where 
firing temperatures of 1900°C are not uncommon. 
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It was Kingery and Francois (4) who first pointed out that 
~ 
a thermodynamic barrier can exist to prevent large pores from 
closing depending on the dihedral angle and the pore size to 
grain size ratio. More recently, Lange (5) developed the 
concept further and argued that promoting grain growth will 
help sintering by favoring the conditions for which the large 
pores can shrink i.e. by promoting a small grain size to pore 
size ratio. This creates a conflict, however, because the 
densification of the matrix pores is adversely affected to a 
considerable degree by a more rapid grain growth rate in the 
matrix (the matrix densification rate varies as the inverse of 
the grain size to the third or fourth power). There has to be 
an optimum degree of adjustment to the grain growth rate, 
therPfore, that one can make. This will depend on the natural 
grain growth rate for the system and the number and size of 
large pores present. 
To gain a better understanding of the situation for 
alumina we have modelled the effect of adjusting the grain 
growth rate in alumina containing a mixture of small and large 
pores. The model takes full account of both thermodynamics 
and kinetics. Figure 9 shows the final density of an alumina 
compact seeded with 4% large (4 micron) pores plotted against 
the adjustment to the grain growth rate. The figure shows 
that the grain growth rate can be decreased by several orders 
of magnitude before the final density suffers due to the grain 
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coordination effect around the large pores. Raising the grain 
growth rate, however, quickly starts to interfere with 
dens1fication in the matrix at which point the final density 
starts to fall off rapidly. Figure 9 also shows the effect of 
raising the bulk diffusion coefficient by one order of 
magnitude (which amounts to the same effect as raising the 
temperature by~ 100°C). This can be seen to have a much more 
pronounced effect on removing the large pores than that 
produced by modifying the grain growth rate. This suggests 
that a more effective way to remove the large pores durin~ 
firing is to enhance the diffusion coefficient responsible for 
pore removal, either by raising the temperature or by using 
/ 
dopants. 
For a given set of microstructural targets (such as final 
density, maximum grain size and maximum pore size) and 
processing limitations (such as maximum firing time and 
temperature) it is possible to c0nstruct maps which indicate 
the optimum processing method and conditions for a given 
initial size and amount of large pores. Two examples of this 
type of ceramic processing map are shown in figures 10a and b. 
The maps were calculated for alumina assuming that MgO works 
as a sintering additive by lowering the the grain boundary 
mobility by a factor of 50 (18) and that FeO has the effect of 
raising the bulk diffusion rate by a factor of 10 (19). The 
only difference between the two figures is that we have 
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specified an upper limit to the maximum allowable pore size in 
figure 10b (a type of specification that migh be anti~ipated 
for sttuctural ceramics). The maps were ed using 
diffusion coefficients taken from the literature and using 
geometric constants derived from sintering models. A more 
realistic engineering approach would be to obtain these 
constants, empirically, from sintering studies conducted on 
"standardized" green compacts designed to have a particle 
packing arrangement as near to perfect as possible. More 
realistic and practical diagrams might be developed this way. 
A final point concerns the removal of large pores in the 
presence of a continuous wetting liquid phase. Under these 
circumstances no thermodynamic barrier for pore closure should 
exist. Liquid phase sintering may, in this respect, be more 
beneficial for the removal of large pores. 
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2.4 SUMMARY 
The major developments in the understanding of the effects 
of pores on sintering behaviour have been briefly reviewed to 
cover the last ten year period. Significant advances have 
resulted from a greater appreciation of the complex 
interrelationship that exists between densification and grain 
growth. A model of simultaneous d1nsification and grain 
growth was used to predict the effects of pore distribution on 
sintering. A new tyfe of ceramic processing map was developed 
to help in the selection of optimum processing conditions for 
removing large pores during sintering . 
• 
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